Objectives The aim was to evaluate the adsorbing effect of montmorillonite on uric acid, promoting diffusion of uric acid from blood to intestine, preventing absorption of uric acid in intestine and reducing uric acid level in serum. Methods The adsorbing effect of montmorillonite on uric acid was observed in vitro. The intestine and blood vessel of rats were circularly perfused with intestinal perfusate and vascular perfusate, respectively. A model of hyperuricaemia in mice was prepared by intraperitoneal injection of hypoxanthine and potassium oteracil. The concentration of uric acid was determined by the method of urate oxidase and peroxide enzyme. Key findings The results showed that different concentrations of montmorillonite could adsorb uric acid in a concentration-dependent manner. The adsorbing effect was fast. The adsorptive rate was high in acid solution and was low in alkaline solution. When blood vessels were circularly perfused by vascular perfusate containing uric acid, the concentration of uric acid in vascular perfusate was decreased and the concentration of uric acid in intestinal perfusate was increased, suggesting that uric acid in blood vessels diffused into the intestine. When the intestine was perfused with intestinal perfusate containing uric acid, the uric acid concentration in vascular perfusate was increased, but the uric acid concentration of intestinal perfusate was decreased, suggesting that uric acid was absorbed in the intestine. The uric acid concentrations of intestinal perfusate and vascular perfusate in montmorillonite 0.5 and 1.0 g/kg groups were lower than the control group. Concentrations of uric acid in serum and urine in the montmorillonite 1 and 2 g/kg groups were lower compared with mice in the hyperuricaemic group. Conclusions The results suggested that montmorillonite adsorbed uric acid and promoted diffusion of uric acid from blood vessels to intestine, prevented absorption of uric acid in intestine and decreased uric acid level in serum.
Introduction
Montmorillonite (MMT) has two silica-oxygen tetrahedral sheets sandwiching an aluminium or magnesium octahedral sheet, which has a stratified structure and heterogeneic electric charge distribution. In addition, MMT is hydrophilic due to the presence of ionic bonds and the ability to form hydrogen bonds with water. [1] [2] [3] Thus, MMT is a layer silicate with a strong adsorbing property and is extensively used in industry, agriculture, and as a medical treatment for conditions such as hyperthyroidism, chronic renal failure, peptic ulcer, gastritis, colonitis and diarrhoea. [4] [5] [6] [7] [8] [9] [10] [11] It can adsorb heavy metals such as nickel, rubidium, sulfur, stibium, aluminium, barium, lead, cadmium, calcium; bacteria and viruses such as Vibrio cholerae, bacterium flexuosus, Staphylococcus etc.; agents such as quinolones, moroxydine, halomine, cholic acid, nitrobenzene, glutaric dialdehyde, polyacrylamide, phenol, aniline, phenobarbital, wintermin, methylsulfonic acid sodium dodecylbenzene sulfonate, hydroxamic siderophore ferrioxamine B, cetyltrimethylammonium and cetylpyridinium. [11] [12] [13] In humans a lack of urate oxidase (uricase) results in uric acid being the end product of purine metabolism. The balance of serum uric acid is decided by absorption, production, decomposition and excretion of purine. The reason for hyperuricaemia is an increase of uricogenesis and/or reduction of uric acid excretion. Medicines reducing the concentration of uric acid in serum are divided into two types: those inhibiting uricopoiesis and those increasing the excretion of uric acid. Promoting excretion of uric acid is mainly through inhibiting renal proximal tubule absorption. However, in most patients with hyperuricaemia renal function is insufficient. Thus it is not ideal to increase excretion of uric acid from the kidneys. The gastrointestinal tract is also an important way to excrete uric acid, and the gastrointestinal mucosa possesses the characteristics of a semi-permeable membrane. Recently, we found that MMT adsorbed urea and creatinine and accelerated excretion of urea and creatinine from the intestine. [14, 15] Approximately one-third of uric acid in blood is secreted into the intestinal tract, in which some uric acid can be reabsorbed. We presumed that MMT could adsorb uric acid. We have evaluated the adsorbing effects of MMT, promoting the diffusion of uric acid from blood vessels to intestine and preventing absorption of uric acid in the intestine.
Materials and Methods

Reagents
MMT was provided by Hai'nan Xiansheng Medicine Science & Technology Co. Ltd, China. Uric acid and hypoxanthine were purchased from Sigma Chemical Co. Ltd, St Louis, MO, USA. A reagent box for uric acid was purchased from Nanking Jiancheng Bioengineering Institute, China. Trypsinase was purchased from Shaanxi Huamei Co. Ltd, China. Potassium oxonate, a urate oxidase inhibitor, was purchased from Shandong Zhongketaidou Chemical Co. Ltd, China. Benzbromarone was purchased from Yichang Changjiang Pharmaceutical Co. Ltd, China.
Animals
Sprague-Dawley rats (200-250 g) and ICR mice (18-22 g) were purchased from the Animal Center of Xi'an Jiaotong University College of Medicine, China. All animals were handled according to the guidelines provided by the Animal Care and Use Committee at Shaanxi Province. The experimental protocols for using the animals had been reviewed and approved by the animal ethics committee at Xi'an Jiaotong University. The room temperature was 26 ± 3ºC. The rats were anaesthetized by pentobarbital sodium 50 mg/kg.
Perfusates
The simulated intestinal fluid used was KH 2 PO 4 13.6 g/l, and the pH was regulated to 6.8. The fluid was mixed with a solution containing trypsinase 20 g. The intestinal perfusate was composed of the following: NaCl 6.90 g/l, KCl 0.35 g/l, MgSO 4 0.30 g/l, NaHCO 3 2.10 g/l, KH 2 PO 4 0.16 g/l, CaCl 2 0.28 g/l, and glucose 2.18 g/l. [10, 16] Vascular perfusate was prepared by adding 15 g/l gelatin into the intestinal perfusate. Perfusate containing uric acid 140 mg/l was prepared by adding uric acid into intestinal perfusate or vascular perfusate.
Adsorption experiments in vitro
Uric acid (120 mg) was dissolved into 1 L simulated intestinal fluid. The uric acid solution (4 ml) was added to five flasks containing MMT 0, 5, 20, 80, or 320 mg, respectively. Adsorptive percent rate (χ) and adsorption rate per gram (χ 0 ) were calculated from the following formulae:
where C 0 , C 1 and Cm are the concentration of uric acid before MMT, the concentration remaining after adsorption, and weight of MMT, respectively. The adsorbing effect of MMT (20 g/l) on different concentrations of uric acid, the adsorption-time relationship and the influence of pH on adsorption of MMT were determined, respectively, by the same method.
Circular perfusion
The anaesthetized rats were laparotomized. The superior mesenteric artery and portal vein were exposed and intubated as entrance and exit, respectively. The superior mesenteric artery, portal vein, reservoir fluid bottle and peristaltic pump were connected. The blood vessel was circularly perfused at a flow rate of 2 ml/min (37ºC). In the same way, the upper end of the duodenum and the lower end of the colon were intubated as entrance and exit, respectively. [17] [18] [19] To investigate the diffusion of uric acid from blood vessels to intestine, the blood vessels were circularly perfused with vascular perfusate containing uric acid and the intestine was circularly perfused with intestinal perfusate without uric acid. When absorption of uric acid was investigated, the intestine was circularly perfused with intestinal perfusate containing uric acid and the blood vessel was circularly perfused with vascular perfusate without uric acid. Suspensions of MMT were prepared in 1% carmellose Na + solution and administered into the intestine when the effect of MMT on diffusion and absorption of uric acid was studied. Vascular and intestinal perfusates (0.5 ml) were collected from the exit at 0.25, 0.5, 1, 2, 3 and 4 h, respectively.
Hyperuricaemia model in mice
Mice were randomly divided into six groups as follows: group 1, control; group 2, hyperuricaemia model; groups 3-5, administered MMT 0.5, 1.0 and 2.0 g/kg, respectively; group 6, administered benzbromarone 8 mg/kg. With the exception of control group 1 mice, which were injected with normal saline, groups 2-6 were intraperitoneally injected with hypoxanthine 300 mg/kg and potassium oxonate 300 mg/kg once a day for two days to prepare the hyperuricaemia model. [20, 21] MMT was administered orally and benzbromarone was intraperitoneally injected twice daily after modelling. At 2, 4 and 8 h after administration of MMT or benzbromarone, blood was drawn from the ophthalmic venous plexus and centrifuged for 5 min to obtain the serum. The urine samples were collected 8 h after administration of MMT or benzbromarone. Uric acid in serum and urine was determined by the method of urate oxidase and peroxide enzyme.
Statistical analysis
The data are expressed as mean ± SEM. The one-way analysis of variance followed by Dunnett's test was applied for comparisons of more than two groups. The unpaired t-test was used when two sets of data were compared. A two-tailed test with a P value less than 0.05 was considered as significant. 
Results
Adsorption of MMT on different concentrations of uric acid
The adsorption of the same concentration (20 g/l) of MMT on different concentrations of uric acid was studied. When the concentration of uric acid was 14.6, 28.4, 55.1 or 105.4 mg/l, the concentration of uric acid adsorbed by MMT was 10.2, 19.3, 37.9 and 73.1 mg/l, respectively; and adsorption percentages were 70.0, 68.0, 68.9 and 69.3%, respectively.
Adsorptive time-effect relationship
The adsorbent time-effect curve of MMT on uric acid showed that the adsorbing effect of MMT was fast. The adsorption rate was 60% at 5 min and it was close to the maximum at 60 min, and reached the maximum at 90 min.
Adsorption at different pH Figure 1 shows that the adsorption of MMT varied with pH. The adsorption of MMT increased as pH decreased. The adsorptive rate was high in an acid environment (pH 2~6) while it was low in an alkaline environment (pH 8~10).
Effect of MMT on diffusion of uric acid from blood vessel to intestine
The blood vessel and the intestine were circularly perfused by vascular perfusate containing uric acid 140 mg/l and intestinal perfusate without uric acid, respectively. In the control group, the concentration of uric acid in the intestinal perfusate was gradually increased as time increased. After perfusion for 15 min, the uric acid concentration in vascular perfusate reached the maximum. As time increased, the concentration of uric acid in vascular perfusate gradually decreased, but the concentration of uric acid in intestinal perfusate gradually increased. A tendency to a balance was reached in the intestinal and vascular perfusates after 4-h perfusion. The results suggested that uric acid in blood vessels diffused into the intestinal tract. MMT 0.25 g/kg administered to the intestine accelerated the decrease of the uric acid concentration in vascular perfusate and reduced the increase of uric acid concentration in intestinal perfusate. MMT 0.5 and 1.0 g/kg decreased the uric acid concentration in intestinal perfusate after perfusion for 2 and 1 h, respectively. Over the same time, the decrease of uric acid concentration in vascular perfusate was faster in MMT 0.5 and 1.0 g/kg groups than in the MMT 0.25 g/kg group (Figure 2) . The results suggested that MMT promoted diffusion of uric acid from blood vessels to intestinal tract.
Effect of MMT on absorption of uric acid in intestine
The intestine and blood vessel were circularly perfused with intestinal perfusate containing uric acid 140 mg/l and vascular perfusate without uric acid, respectively. In the control group, uric acid concentration of vascular perfusate increased gradually, but uric acid concentration of intestinal perfusate decreased gradually. As time progressed, uric acid concentrations in vascular perfusate and intestinal perfusate approached equilibrium, suggesting that uric acid was absorbed in the intestine. When MMT 0.25 g/kg was administered in intestine, the decrease of uric acid concentration in intestinal perfusate was faster than the control group, and the increase of uric acid level in vascular perfusate slowed down. MMT 0.5 and 1.0 g/kg decreased the uric acid concentrations in intestinal perfusate and vascular perfusate, accelerated the decrease of uric acid concentration in intestinal perfusate, and inhibited the increase of uric acid concentration (Figure 3) . The results suggested that MMT prevented the absorption of uric acid in intestine.
Effect of MMT on a mouse hyperuricaemia model
Hyperuricaemic mice were prepared by injecting hypoxanthine and potassium oxonate intraperitoneally. Table 1 shows the effect of MMT on the level of serum uric acid in hyperuricaemic mice. The serum uric acid concentration of the model group mice was higher than the control group, suggesting that the model was successful. MMT 0.5 g/kg showed a tendency of decreasing the uric acid level and MMT 1.0 and 2.0 g/kg decreased the serum uric acid level at 2, 4 and 8 h compared with the model group. The same was observed for benzbromarone. Moreover, the serum uric acid level in the MMT 2.0 g/kg group was lower than that of the MMT 1.0 g/kg group, suggesting that the effect of MMT was in a dose-dependent manner. The uric acid concentration and total uric acid of urine in the model group were higher than in the control, showing that the mice with hyperuricaemia increased the excretion of uric acid through the kidney. MMT 1.0 g/kg decreased the concentration of uric acid in urine and had a tendency of decreasing total uric acid of urine. MMT 2.0 g/kg decreased uric acid concentration and total uric acid in urine compared with model group (Figure 4) . Benzbromarone increased uric acid concentration and total uric acid in urine compared with the model group.
Discussion
Hyperuricaemia is a disorder of purine metabolism or renal excretion of uric acid. It is related to the clustering of a number of cardiovascular risk factors. [22] [23] [24] Uric acid is the final product of DNA and nucleotide metabolism. A person produces approximately 750 mg uric acid and excretes 500-1000 mg uric acid each day. The concentration of uric acid in the extracellular liquid depends on the balance between the speed of uricogenesis and excretion. Hyperuricaemia is caused by an abnormally high production or abnormally low excretion of serum uric acid. When uric acid in serum is higher than the saturation concentration, uric acid salt deposition can be formed in the organism, which leads to gout. [21, 25] In the normal human body most uric acid is discharged as free uric acid salt, of which approximately twothirds is from urine and one-third from the intestine. [26] For patients with insufficient renal function, intestinal excretion becomes an important second-line defence. Patients with gout displaying a renal excretion disorder account for 90%. As a result, intestinal excretion of uric acid increases significantly.
MMT possesses the characteristic of adsorption. This study has proved our assumption that MMT could adsorb uric acid, promote uric acid diffusion from blood vessels to intestine and prevent uric acid absorption in the intestine. In the simulated intestinal solution, MMT could adsorb uric acid potently and fast. The pH value affected the adsorption rate noticeably. The adsorptive rate was high in acid solution while it was low in alkaline solution. Uric acid, as a weak acid, can be dissociated in the alkaline environment to form a negatively-charged ion state. MMT possesses a characteristic of cationic exchange. Therefore, MMT could adsorb much less uric acid in an alkaline environment than in an acid environment. In pH 6~8, which is the range in the intestinal tract, the adsorptive rates varied from 50 to 90%. Therefore, MMT could work well in the intestine.
In the perfusion model, uric acid diffused from blood vessel to intestine and was absorbed in the intestine. MMT could promote the diffusion of uric acid from blood vessel to intestine and prevent the absorption of uric acid in intestine. This is because MMT adsorbed uric acid in intestine, reduced the concentration of uric acid in intestine, and increased the concentration gradient of uric acid between blood vessel and intestine.
Uric acid concentration increased in hyperuricaemic mice. The mice increased the excretion of uric acid through kidney. As a result, the concentration of uric acid in urea increased. MMT increased the excretion of uric acid in intestine so that the concentration of uric acid in serum was decreased. The concentration and total content of uric acid in urine decreased as the serum level of uric acid varied. Benzbromarone can promote the excretion of uric acid through kidney. Therefore, the concentration of uric acid in urine was high and was low in serum. This study has shown that MMT can reduce serum uric acid level. Furthermore, MMT has a huge surface area and can cover extensively the mucous membrane of the digestive tract. MMT does not enter the blood circulation. It and its absorbate, uric acid, can be excreted from the digestive tract. Animal experiments did not show any obvious long-term or short-term toxicity of MMT, suggesting that MMT is safe. [14, 27, 28] MMT could be beneficial to patients with hyperuricaemia and it may not produce general adverse effects. It will hopefully become a new effective way to prevent and treat hyperuricaemia. However, the adsorption of MMT is nonselective, so it might adsorb some nutrients. Further study is needed.
Conclusions
MMT adsorbed uric acid, promoted diffusion of uric acid from blood vessel to intestine, prevented absorption of uric acid in intestine, and decreased uric acid level in serum and urine of acute hyperuricaemia model mice.
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